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This study is aimed at a physically based model formulation for a textile mesh implant to describe its
mechanical behavior at a mesoscopic length scale. A structural model of a representative unit cell of
the knitted prosthetic mesh is proposed based on the theory of multibody systems. The model geometry
and the constitutive laws of the force elements are deﬁned based on physical considerations. The param-
eters determining the force laws, are adjusted to ﬁt the experimentally observed force response and the
macro- and mesoscale kinematics. A comparison between the experimental data and the model response
show its excellent descriptive capabilities. The level of non-afﬁne deformations within a unit cell is pro-
posed as a mesoscale criterion to quantify the mechanical biocompatibility of textile mesh implants. This
view might help to understand clinical observations and complications associated with a local mismatch
of deformation between the implant and the host tissue.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
There is a long history of structural models for textile fabrics,
starting with the semi-analytical truss models for plain weaves
by Kawabata et al. (1973a,b,c) and followed by a large number of
extended models accounting for different mechanisms and using
advanced techniques for efﬁcient computation (King et al., 2005;
Nadler et al., 2006; Assidi et al., 2011; Boubaker et al., 2007;
Grujicic et al., 2009; Carvelli, 2009; Nayfeh and Kress, 1997; Xiao
et al., 2011; Antonietti et al., 2011).
The basic idea behind structural models is to use a simpliﬁed
but physically motivated mesoscale structure in order to capture
more complex mechanical phenomena at the macroscale. Ideally,
the mechanical properties of the mesoscale elements are directly
measured in corresponding experiments (King et al., 2005) or de-
duced from manufacturer speciﬁcations (Nadler et al., 2006; Assidi
et al., 2011; Boubaker et al., 2007; Grujicic et al., 2009; Carvelli,
2009; Nayfeh and Kress, 1997; Xiao et al., 2011). Macroscale phe-
nomena simulated by such models include geometric nonlinearity
(King et al., 2005; Nadler et al., 2006; Boubaker et al., 2007; Nayfeh
and Kress, 1997), large Poisson ratios (Assidi et al., 2011) or anisot-
ropy (Assidi et al., 2011; King et al., 2005; Nadler et al., 2006). The
major challenge is the abstraction process, which has to be based
on a thorough identiﬁcation of the critical structures underlying
the speciﬁc deformation mechanisms and structural features ofinterest. Weaves represent the simplest fabric structure and are
therefore examined most frequently (King et al., 2005; Nadler
et al., 2006; Assidi et al., 2011; Boubaker et al., 2007; Grujicic
et al., 2009; Carvelli, 2009; Nayfeh and Kress, 1997; Xiao et al.,
2011). Respective structural models focus on yarn-yarn interac-
tions, such as crimp interchange in tension or shear-locking (King
et al., 2005; Nadler et al., 2006; Assidi et al., 2011; Boubaker et al.,
2007; Grujicic et al., 2009; Carvelli, 2009; Nayfeh and Kress, 1997;
Xiao et al., 2011). There are only few structural models for knitted
textiles, e.g. Antonietti et al. (2011).
One major objective of structural models is understanding and
quantifying the impact of mesoscale properties on the mechanical
properties at the macroscale in order to deduce criteria for fabric
design and optimization (King et al., 2005; Nadler et al., 2006;
Assidi et al., 2011; Boubaker et al., 2007; Grujicic et al., 2009;
Carvelli, 2009; Nayfeh and Kress, 1997; Xiao et al., 2011; Antonietti
et al., 2011). Multiscale approaches are also aimed at determining
corresponding constitutive model formulations to be implemented
in ﬁnite element codes (King et al., 2005; Nadler et al., 2006;
Antonietti et al., 2011; Grujicic et al., 2009). To this end, the incre-
mental deformation gradient is applied on a structural unit cell
model as kinematic boundary conditions. The model is solved
according to minimum energy principles and the homogenized
reaction forces at the boundaries lead to the incremental stress
tensor.
Due to their complex interlooping structure and the associated
challenges in ﬁnding an appropriate abstraction, knitted fabrics are
more frequently modeled at the microscale with an explicit repre-
sentation of each ﬁlament (Duhovic and Bhattacharyya, 2006; Hart
634 B. Röhrnbauer et al. / International Journal of Solids and Structures 51 (2014) 633–646et al., 1985; DeJong and Postle, 1978). Such detailed models are
associated with lesser model assumptions, as the geometry and
the assigned material properties for the ﬁlaments are based on real
measured data. These models can be used to perform virtual exper-
iments with perfectly controlled boundary conditions. However,
such models are computationally expensive and require the
solution of multi-contact problems, which often lack numerical
convergence or require non-physical assumptions on the friction
behavior and the inter-penetration of ﬁlaments (Duhovic and
Bhattacharyya, 2006). Another challenge is the deﬁnition of a
representative initial conﬁguration, which might be found by an
elaborate simulation of the manufacturing process and the corre-
sponding solution of the unloaded equilibrium state (Glaessgen
et al., 1996; DeJong and Postle, 1978).
In this study, a structural model of a representative unit cell of a
knitted prosthetic mesh is proposed based on the theory of multi-
body systems. Its geometrical structure and the constitutive laws
of the force elements (connecting the massless rigid bodies) are
based on mechanical measurements and considerations. The
model is aimed at capturing experimentally observed physical
effects, such as the non-linear force-strain relationship and anisot-
ropy and thus at providing insight into the underlying mesoscale
mechanisms. It will be shown that such a structural model has
excellent descriptive capabilities with respect to force response
and meso- and macroscale kinematics. Moreover, preconditioning
will be rationalized as a change of the mesoscale structure and thus
of the material. The model will be shown to represent a valuable
tool to assess mesoscale aspects of the mechanical biocompatibil-
ity of textile mesh implants and thus to understand clinical obser-
vations and associated complications, in particular with respect to
pelvic ﬂoor reconstruction.2. Materials, methods and calculation procedure
2.1. Material properties
The commercially available prosthetic mesh Gynemesh M, knit-
ted from non-resorbable polypropylene ﬁbers, is investigated here
(Fig. 1). Gynemesh M is a so-called light-weight hybrid construct,
containing polypropylene and polyglecaprone ﬁbers (weight prior
to resorption: 56 g/m2, after resorption: 32 g/m2, Ethicon Inc.,
Somerville, NJ, United States) (Klosterhalfen et al., 2005). The
polyglecaprone ﬁbers are added to improve the surgical handling
properties of the material as well as because of the anti-inﬂamma-
tory properties (Cobb et al., 2005; Junge et al., 2005). Resorption of
the polyglecaprone component takes place within 90–120 days
after implantation. For the present modeling approach, the mesh
is used in its resorbed state, containing only polypropylene ﬁbers.
Gynemesh M is a knitted fabric. It consists of strands of stitches
knitted from the polypropylene ﬁlaments. An additional continu-
ous ﬁlament meanders through each strand and connects it to an(a) (b)
Fig. 1. Identiﬁcation of a unit cell of Gynemesh M. (a) Close-up of the mesh, a unit cell is m
abstracted system of ten bodies connected by line elements. (c) The abstracted unit celadjacent strand at nodal points, forming the closed pores. Some ﬁl-
aments and the corresponding strands are colored in blue, which is
for orientation purposes only.
2.2. Representative unit cell model
Gynemesh M is assumed to consist of periodically arranged,
identical ‘‘pores’’. Therefore, a representative pattern of the mesh,
a unit cell, is modeled. A half pore is found to be the smallest peri-
odic pattern of Gynemesh M. Periodicity is preserved also in all de-
formed conﬁgurations. For modeling reasons, the unit cell is
chosen, such that, the most complex part, the node, is located in
the middle of the unit cell (Fig. 1 (a) and (b)).
2.3. Experimental data
An experimental study was conducted, characterizing
Gynemesh M in uniaxial strain and uniaxial stress loading condi-
tions and four loading directions, i.e. the two principal directions
of material orthotropy and two off axis directions (33.5, 56.5)
(Röhrnbauer and Mazza, 2014). A cyclic test protocol was applied,
stretching the specimens at a strain rate of 0.005 s1 up to a load
case speciﬁc maximum force per unit cell (1.6 N per unit cell for
uniaxial strain, 0.6 N per unit cell for uniaxial stress) and back.
The ﬁrst ten cycles were referred to as preconditioning, the subse-
quent three cycles as the actual test. The start of the two proce-
dures, preconditioning and cyclic test, was deﬁned by a preforce
of 0.016 N per unit cell for uniaxial strain, 0.006 N per unit cell
for uniaxial stress. The value was chosen small compared to the
maximum force applied (factor 0.01) and large enough to compen-
sate the noise of the load cell. As described in Röhrnbauer and
Mazza (2014), after the preconditioning cycles, the specimens
were sagging between the clamps. The introduction of a preforce
shifted the start of the test to the beginning of the recruitment of
the structure, and led to the deﬁnition of a new reference conﬁgu-
ration. This resulted in an apparently stiffer initial force response
as the ﬁlaments were already aligned and explains the different
levels of deformation reached for virgin and preconditioned
meshes. A non-linear force response, anisotropy, hysteresis and
inelastic preconditioning effects were observed. The present struc-
tural model is intended to capture geometry based effects, such as
the geometric nonlinearity and anisotropy. Dissipative effects
(hysteresis) are not included in the model. The experimental ﬁnd-
ings are given as data arrays of averaged two-dimensional unit cell
deformation. Deformation history is represented as a sequence of
two line elements ~g1ðtÞ and ~g2ðtÞ (current conﬁguration, ~G1 and
~G2 corresponding to the reference conﬁguration) and correspond-
ing force values. These data are used to ﬁt the parameters of the
model and to verify its predictive capabilities.
For each conﬁguration (material direction and loading
condition), one additional experiment was performed, where theA2
A1 B1
B2
C2
C1
D2
D1
E
F
(c)
arked within the white rectangle. (b) Microscope image of a unit cell overlaid by an
l geometry represents the geometry of the multibody system.
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The magniﬁcation allowed for determining speciﬁc deformation
patterns of single unit cells.
2.4. A static multibody system of a representative unit cell
The structural unit cell model is built based on the theory of
multibody systems (Glocker, 2001). The system equations for a
general multibody system with n bodies are the projected
Newton–Euler equations, i.e. the equations of linear and angular
momentum projected into the space of generalized coordinates ~q.
In line with the current literature (King et al., 2005; Boubaker
et al., 2007), inertia forces are disregarded, as the contribution of
accelerated masses to the overall mechanical response of the mesh
is assumed to be low compared to deformation related reaction
forces. Friction is not considered. Furthermore, the corresponding
experiments are conducted at a strain rate (0.005 s-1), low enough
to represent the long term response of the system. For a static
(unconstrained) system, the projected Newton–Euler equations re-
duce to an equilibrium of generalized active forces ~FA and mo-
ments ~MAQ (with respect to a reference point Q), i.e. active forces
and moments projected into the space of generalized coordinates
by using the Jacobians of translation JQ (with respect to a reference
point Q) and the Jacobians of rotation JR.
0 ¼
Xn
i¼1
JTQ~F
A þ JTR~MAQ
h i
i
ð1Þ
or
0 ¼ ~f ~qð Þ ð2Þ
The model is implemented using Matlab (The MathWorks Inc.).
Model development consists of the following steps, described in
detail in the subsequent sections:
- An abstracted mesoscale geometry of a representative unit cell
is deﬁned.
- The model is parameterized by a set of generalized coordinates,
determining its kinematics.
- Force elements are introduced coupling the relative distances
between the rigid bodies and the relative angles.
- Load case speciﬁc kinematic boundary conditions are applied by
constraint equations.
- According to the representative unit cell approach, periodic
boundary conditions are deﬁned.
2.5. Geometry
The model geometry is directly based on the knitted structure
of one unit cell of the mesh. The complex structure is abstracted
by a two-dimensional arrangement of ten massless and dimen-
sionless rigid bodies (A1;A2;B1;B2;C1;C2;D1;D2; E; F, Fig. 1(b) and
(c)). These bodies are connected by force elements (see Section 2.7).
As (i) the unit cell dimensions in plane (3–4 mm) are one order of
magnitude larger than the thickness of the mesh (0.5 mm), (ii) the
present mesoscale approach is intended to map the complex ﬁla-
ment structure only in a smeared sense and (iii) the bending stiff-
ness of the mesh is negligible as compared to in-plane stiffness a
membrane model was selected. A set of 20 unit cells was recorded
by a light microscope. The positions of the ten rigid bodies of the
model were determined in each microscope image, and averaged
positions for all rigid bodies were calculated. The initial arrange-
ment of the rigid bodies is chosen as symmetric with respect to
two orthogonal axes parallel to the x- and y-axis of the inertial
coordinate system (Figs. 1, 2 and Table 1).2.6. Kinematics
In the two-dimensional space, a system of ten unconstrained ri-
gid bodies, results in 20 degrees of freedom (dofs). Therefore, a set
of 20 generalized coordinates is introduced, describing the abso-
lute position of the system with respect to the inertial system
(q1; q17; q18), the relative distances between the rigid bodies, i.e.
the lengths of the (force) elements (q9; q10; q11; q12; q13; q14;
q15; q16; q19) and the relative angles between the elements connect-
ing the bodies (q2; q3; q4; q5; q6; q7; q8; q20) (Fig. 2). An idealized ini-
tial geometry is chosen as described in Section 2.5 and shown in
Table 1. Note, that despite the symmetry assumption for the geom-
etry, there is no symmetry in the kinematics.
2.7. Force elements
Translational and rotational force elements are introduced to
couple the motion of the rigid bodies. The concept of generalized
forces is applied (Glocker, 2001). The generalized force directions
resulting from all active forces are summarized in the matrix
W ~qð Þ. The current lengths and angles of all force elements are in-
cluded in the vector ~g ~qð Þ and the absolute force and moment val-
ues in the vector ~k ~g ~qð Þð Þ. Thus, the projected Newton–Euler
equations for the present (unconstrained) system are written as
in Eqs. (3) and (4).
~f ~qð Þ ¼ W ~qð Þ~k ~g ~qð Þð Þ ¼ 0 ð3Þ
with
WT ~qð Þ ¼ @~g ~qð Þ
@~q
: ð4Þ
The generalized force directions W ~qð Þ are in accordance with the
admissible virtual displacements d~q and thus with the kinematics
of the system. The concept of generalized forces allows a clear sep-
aration between the generalized force directionsW ~qð Þ, i.e. the kine-
matic framework (this section) and the force laws ~k ~g ~qð Þð Þ, i.e. the
constitutive model formulations for each force element
(Section 2.10).
2.8. Kinematic boundary conditions – constraints
The experimental load cases are modeled by stepwise applying
kinematic boundary conditions, represented by kinematic con-
straints, and solving the static system. For all of the simulated uni-
axial tensile tests, the convention is introduced, that the direction
of the main loading axis of the experiments is equal to the inertial
x-direction. The model is rotated correspondingly (Fig. 3). The
experimentally measured two-dimensional unit cell deformation
is represented by a sequence of pairs of line elements ~g1ðtÞ and
~g2ðtÞ (corresponding to the reference conﬁguration ~G1 and ~G2)
(Röhrnbauer and Mazza, 2014). The position of these line elements
is directly applied as kinematic constraint for the model, as illus-
trated in Fig. 3. At each step, the current positions of the points
at the boundaries A2;B2;C2 and D2 are prescribed by ~g1 and ~g2.
The boundary point A2 is chosen to be ﬁxed, i.e. translational de-
grees of freedom in x- and y- direction are constrained. ~g2 is ap-
plied to point from A2 to C2 and ~g1 is positioned in such a way
that ~g1 and ~g2 intersect at half of their lengths (Fig. 3). The latter
assumption results in a globally point symmetric deformation with
respect to the midpoint of the unit cell.
For the case of uniaxial strain, both the inertial x- and
y-components, are prescribed, whereas for the case of uniaxial
stress, only the components in loading direction, the inertial
x-component, are prescribed. The transverse contraction is free.
These kinematic boundary conditions in terms of homogeneous
Fig. 2. Parameterization of the model. A set of 20 generalized coordinates is introduced, representing lengths (left) and angles (right). Note, that this ﬁgure represents a
schematic. Its dimensions do not correspond to the selected model dimensions.
Table 1
Idealized symmetric initial model geometry in generalized coordinates (Fig. 2), angles are given in [], distances are given in [mm].
q1 q2 q3 q4 q5 q6 q7 q8 q9 q10
34.58 15.72 69.17 15.72 0 15.72 69.17 15.72 0.96 0.39
q11 q12 q13 q14 q15 q16 q17 q18 q19 q20
0.96 0.39 0.96 0.39 0.96 0.39 2 1 0.33 69.17
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uniaxial strain these are written as follows.
~gc ~qð Þ ¼~0 ¼
1
0
0
0
B@
1
CA  ~rOA2 ~qð Þ ~rOA2 ~q0ð Þð Þ
0
1
0
0
B@
1
CA  ~rOA2 ~qð Þ ~rOA2 ~q0ð Þð Þ
1
0
0
0
B@
1
CA  ~rOB2 ~qð Þ  ~rOA2 ~qð Þ þ 12~g2 þ 12~g1  
0
1
0
0
B@
1
CA  ~rOB2 ~qð Þ  ~rOA2 ~qð Þ þ 12~g2 þ 12~g1  
1
0
0
0
B@
1
CA  ~rOC2 ~qð Þ  ~rOA2 ~qð Þ þ~g2ð Þð Þ
0
1
0
0
B@
1
CA  ~rOC2 ~qð Þ  ~rOA2 ~qð Þ þ~g2ð Þð Þ
1
0
0
0
B@
1
CA  ~rOD2 ~qð Þ  ~rOA2 ~qð Þ þ 12~g2  12~g1  
0
1
0
0
B@
1
CA  ~rOD2 ~qð Þ  ~rOA2 ~qð Þ þ 12~g2  12~g1  
0
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA
ð5Þ
For the case of uniaxial stress the constraint equations are reduced
to Eq. (6).~gc ~qð Þ ¼~0 ¼
1
0
0
0
B@
1
CA  ~rOA2 ~qð Þ ~rOA2 ~q0ð Þð Þ
0
1
0
0
B@
1
CA  ~rOA2 ~qð Þ ~rOA2 ~q0ð Þð Þ
1
0
0
0
B@
1
CA  ~rOB2 ~qð Þ  ~rOA2 ~qð Þ þ 12~g2 þ 12~g1  
1
0
0
0
B@
1
CA  ~rOC2 ~qð Þ  ~rOA2 ~qð Þ þ~g2ð Þð Þ
1
0
0
0
B@
1
CA  ~rOD2 ~qð Þ  ~rOA2 ~qð Þ þ 12~g2  12~g1  
0
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA
ð6ÞConstraints result in constraint forces which have to be in-
cluded into the projected Newton Euler equations. These con-
straint forces are in fact the unknown reaction forces, i.e. the
force response which is to be compared to the experimental data.
Following the principle of d’Alembert Lagrange, constraint forces
~f c do not contribute to the virtual work for all admissible virtual
displacements d~q.
~f cd~q ¼ 0 ð7Þ
It can be shown (Glocker, 2001) that this requirement is fulﬁlled if
the constraint forces are of the following form:
~f c ~qð Þ ¼Wc ~qð Þ~kc ð8Þ
with the generalized directions of the constraint forces.
Fig. 3. Application of kinematic boundary conditions, constraints. Constraints are applied by prescribing the experimentally measured current unit cell conﬁguration
(represented by~g1 and~g2). The convention is introduced that the direction of the main loading axis of the experiments is equal to the intertial x-direction. For load application
in different material directions, the model is rotated correspondingly.
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c
@~q
T
: ð9Þ
Such constraints are said to be ideally bilateral. The constrained sys-
tem is described by the equilibrium of active and constraint forces,
subject to constraints:
Wð~qÞ~k|ﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄ}
~f ð~qÞ
Wc ~qð Þ~kc|ﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄ}
~f c ~qð Þ
¼ 0 ð10Þ
~gc ~qð Þ ¼ 0 ð11ÞFig. 4. Periodic boundary conditions. Opposite outer ‘‘arms’’ have to be parallel as
indicated by the inclined k symbols.2.9. Periodic boundary conditions
Periodic boundary conditions are deﬁned to avoid discontinu-
ities (kinks and gaps) at the boundaries of the unit cell embedded
in the textile system. In the present model, the angles of opposite
outer force elements, e.g. elements A1  A2 and C1  C2 with re-
spect to the inertial coordinate system are constrained to be equal,
i.e. the elements have to be parallel (Fig. 4). Expressed in general-
ized coordinates, the following relations are required:
q1  q20  q6 ¼ q1  q3  q4 ð12Þ
q1 þ q2 ¼ q1  q20 þ q7 þ q8 ð13Þ
As the constraint forces realizing these constraint conditions are
not of interest, a new set of generalized coordinates ~z is chosen,
reducing the system dimensions dim ~q ¼ 20, to dim ~z ¼ 18 and
causing the periodic constraint forces not to appear in the system
equations. ~q and~z are transformed by the matrix Q.
~q ¼ Q~z ð14Þ
The virtual displacements are described by Eq. 15.
d~q ¼ Qd~z ð15Þ
The virtual work is written in Eq. 16.
0 ¼ d~zT QT~f ~qð Þ  QTWc ~qð Þ~kc ~qð Þ
 
ð16Þ
for all admissible d~z.
The constrained projected Newton–Euler equations including
periodic boundary conditions are now written as follows:
QT ~f ~qð Þ ~f c ~qð Þ
 
¼ 0 ð17Þ
~gc ~qð Þ ¼ 0 ð18Þ
and ~q ¼~q ~zð Þ.2.10. Force laws and parameters
The complex deformation mechanisms of the ﬁlaments at the
microscopic length scale are determined by ﬁlament alignment,
bending and interaction. The ﬁlament structure is abstracted by a
set of force elements. The corresponding force response is mapped
by regularized force laws. These relate the structural stiffness to the
current structural conﬁguration. So there is no direct link between
model parameters and real physical material properties, but a
change in ﬁlament properties can be addressed by modiﬁed
parameters. All implemented force elements and force laws are
summarized in Fig. 5. The structural force laws and the parameters
are based on physical considerations, as illustrated in the following.
Geometry based translational force laws for the stitches. The inner
and outer ‘‘arms’’ of the unit cell model (FA1; FB1; EC1; ED1 and
A1A2;B1B2;C1C2;D1D2) consist of strands of stitches, ﬁlament loops.
The corresponding force laws are deﬁned based on the following
physical considerations. Stitches deform until the ﬁlaments are
aligned and stretched. The mechanical response changes from a
structural response (bending) to a stiffer material response (elon-
gation). The transition is smooth. A half ellipse, ﬁxed at one end
and simply supported at the other end is used to approximate
the structural response of the stitches as illustrated in Fig. 6. There-
fore, the problem of an elliptical beam was solved analytically
using Young’s modulus and the cross sectional area of the mesh ﬁl-
aments. This lead to the conclusion that structural stiffness kitrans of
the stitches can be approximated by a power law function, depen-
dent on its current length qi. The functional form is chosen as
shown in the ﬁrst row of Fig. 5.
Kinematic based rotational force laws for the inner stitches (inner
‘‘arms’’). There are physical bounds resisting the rotation of the
stitches within the strands. Stitches meet at nodal points (hinges).
They can rotate with low resistance until adjacent stitches come
into contact or until they are restricted by the continuous ﬁlament
(Fig. 7(a)). Further rotation and the required compression of
Fig. 5. Summary of all implemented force elements and force laws, including a set
of 20 parameters.
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stiffness is thus dependent on the current conﬁguration (angle be-
tween the stitches). There is an upper and a lower bound restrict-
ing the rotation of the stitches, which are estimated from the
experimental observations using the zoom lens. As shown in
Fig. 7(b) and in the second row of Fig. 5, the rotational stiffness
is modeled as a bilinear symmetric function of the current conﬁg-
uration. It is characterized by a low, constant value d3 around the
reference conﬁguration and a distinct increase (slope d4) when
exceeding the upper or lower bound, d2 or d1.
Rotational force law for the outer stitches (outer ‘‘arms’’). In partic-
ular for the case of uniaxial stress in the 0 material direction, the
outer ‘‘arms’’ contribute to the collapse of the pores by ﬂapping
over (this expression is used in the following for a deformation
to an angle >180). The stiffness of the rotational force element is
chosen as constant and low enough to allow for the observed ﬂap-
ping behavior (third row in Fig. 5).Force laws for the three force elements of the node. The node in the
middle of the unit cell is the most complex structure. It is ab-
stracted by a combination of three force elements. A translational
force element accounts for the distance between the points E and
F. Similar to the rotational elements between the inner ‘‘arms’’,
the stiffness is modeled as a symmetric bilinear function of the cur-
rent conﬁguration (low stiffness f3, slope f4) with an upper and a
lower bound, f2 and f1. Moreover, a separation of the points by pen-
etration of E and F is constrained by a hard contact (reduction of
dofs) for a vanishing distance (fourth row in Fig. 5).
The second force element of the node is a rotational element
resisting shear like deformations, i.e. a rotation of the element be-
tween E and F. Again, the stiffness is modeled as a symmetric bilin-
ear function (low stiffness g3, slope g4) with an upper and a lower
bound, g2 and g1 (ﬁfth row in Fig. 5).
The third force element of the node is a rotational force element
restricting relative rotations of the two branches A2A1FB1B2;
D2D1EC1C2 of the unit cell. As in reality there is low resistance to
such deformations, the stiffness of this element is chosen to have
a small and constant value h1 (sixth row in Fig. 5).
The force required to stretch the force elements from its refer-
ence conﬁguration qiref to its current conﬁguration qi is derived
by integration of the stiffness (Eq. (19)).
ki ¼
Z qið Þ
qiref
  kidqi ð19Þ2.11. Solution
The system is formulated as a static problem. The uniaxial ten-
sile test is modeled by stepwise applying kinematic constraints
represented by subsequent pairs of experimentally measured ~g1
and ~g2. For each step k, a solution (~qk;~f ck) is calculated by means
of a Newton–Raphson iteration.2.12. Reference conﬁguration
The experimental observations showed that there are distinct
inelastic deformations when comparing the zero force virgin con-
ﬁguration and the corresponding conﬁguration after precondition-
ing. The initial conﬁguration (before the test) is equal for all
loading conditions, whereas the preconditioned conﬁgurations dif-
fer depending on the load history of each test. This transition is not
represented with the present model, thus different preconditioned
reference conﬁgurations are chosen for each load case. Corre-
spondingly, the ﬁrst cycle of preconditioning is simulated for each
load case using the initial reference geometry (Table 1).2.13. Parameter ﬁtting
The constitutive behavior of the force elements is determined
by a set of overall 20 parameters. These are adjusted to ﬁt the
experimentally measured global force response (Röhrnbauer and
Mazza, 2014) and the global kinematic response (transverse
contraction). Moreover, the mesoscale kinematics gained from
the magniﬁed image sequences are used to further tune the
parameters.
Due to the structure of the model, for each load case, critical
force elements, dominating the speciﬁc mechanical response are
identiﬁed. This partial decoupling facilitates the ﬁtting process.
This study is not aimed at ﬁnding the perfect ﬁt, but at understand-
ing the structural properties leading to anisotropy and geometric
nonlinearity. Systematic handﬁtting is therefore preferred to an
optimization procedure.
FF
q9
(a) (b)
[mm]
Fig. 6. Geometry based translational force laws for the stitches. (a) Microscope images overlaid by the force elements representing the stitches (top). In order to ﬁnd a
physical force law, the stitch is abstracted by a half ellipse, ﬁxed at the one end and simply supported at the other end (bottom). Note, that (i) the force elements for the inner
‘‘arms’’ are longer than the actual stitch as they range into the node, (ii) the outer ‘‘arms’’ only contain half of a stitch due to the boundaries of the unit cell. (b) Geometry based
force law for the force elements representing the stitches. An ellipse collapses due to force application along the axis. The stiffness is related to the current conﬁguration of the
force element by a power law function. When the ellipse (stitch) is collapsed the stiffness is constant.
[deg]
]ged/
m
N[
q3
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Fig. 7. Kinematic based rotational force laws for the inner stitches (inner ‘‘arms’’). (a) Rotational behavior of the stitches at the node. Microscope image overlaid by the
undeformed unit cell structure and the force element determining the rotational stiffness between the inner ‘‘arms’’ (top). Collapsed unit cell in uniaxial stress loading
conditions (bottom). The decrease in angle is constrained by a lower bound, resulting from microstructural inter-ﬁlament contacts. (b) Force law chosen for the rotational
force elements between inner ‘‘arms’’. The stiffness is related to the current conﬁguration of the force element by a bilinear symmetric function. The upper and the lower
bound represent the conﬁguration when the stitches come into contact and are compressed. As the structural stiffness during compression of the stitches is continuously
increasing, the force law is designed as a regularized function rather than hard contact.
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The model is applied to simulate the ﬁrst cycle of precondition-
ing for all load cases. The results allow to evaluate the predictive
capabilities of the model, provided that the corresponding refer-
ence conﬁguration is known. Moreover, the image sequences re-
corded with the zoom lens are used to qualitatively validate the
model kinematics by comparing the model geometry to the exper-
imentally observed conﬁguration at the maximum applied force.2.15. Non-afﬁne deformations
The unit cell global deformation gradient is described by the
line elements ~g1ðtÞ;~g2ðtÞ (corresponding to the reference conﬁgu-
ration ~G1;~G2), (Fig. 3). An afﬁne deformation is described by apply-
ing the global deformation gradient to each of the points within
one unit cell (A1;B1;C1;D1; E; F). For the multibody system, the mo-
tion of the points is in general non-afﬁne to this global deformation
gradient and dependent on the internal equilibrium of forces and
moments. Thus, although the global deformation gradient of each
mesh unit cell might be compatible with the deformation of the
underlying biological tissue (global mechanical biocompatibility),there might be a local deformation mismatch due to non-afﬁne
deformations.
Local deformation is quantiﬁed by changes in lengths and
changes in angles of and between line elements connected to each
of the points A1;B1; C1;D1; E; F as shown in Fig. 8. As the model is
assumed to deform in a point symmetric way local deformation
at the locations of the bodies A1; F (2x) and B1 provide the full local
kinematics information. For each point (A1; F (2x) and B1) the mean
angle a between associated corresponding ‘‘afﬁne’’ and ‘‘non-
afﬁne’’ line elements and their mean relative difference in lengths
 (with respect to the length of the ‘‘afﬁne’’ line element) was cal-
culated. The averaged value for all points is a scalar measure for the
amount of non-afﬁne unit cell deformation and is called index of
non-afﬁnity.
index of non-affinity ¼ 1
nRB
X
nRB
1
2
aRB þ RBð Þ ð20Þ
with nRB being the number of points (rigid bodies) for the evalua-
tion. The index of non-afﬁnity is compared at a constant load level
of 0.6 N per unit cell for all loading conﬁgurations. Thus, these val-
ues describe the mismatch between an afﬁne deformation and the
non-afﬁne model deformation at a speciﬁc load level.
Table 2
Parameters for all force laws.
Parameter Value Parameter Value
c1 (mm) 0.235 e1 (Nm/) 0.04
c2 (–) 8 f1 (mm) 0.25
c3 (–) 10 f2 (mm) 0.6
c4 (N/mm2) 4 f3 (N/mm) 1
c5 (N/mm) 0.01 f4 (N/mm2) 65
lu (mm) 0.805 g1 () 55
d1 () 45 g2 () 55
d2 () 130 g3 (Nm/) 0.3
d3 (Nm/) 0.07 g4 (Nm/2) 15
d4 (Nm/2) 32 h1 (Nm/) 0.001
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3.1. Parameters
The parameters, summarized in Table 2, are found to provide a
good match for all load cases. The force response is seen to be less
sensitive to small variations in stiffness-like parameters, such as
c5; d3; e1; f3; g3 and h1. In contrast, parameters deﬁning the transi-
tion to a nonlinear stiffening, such as c1; c2 or upper and lower
bounds for speciﬁc degrees of freedom (d1; d2; f1; f2; g1; g2) deter-
mine the recruitment of force elements and, thus, the speciﬁc kine-
matics and the nonlinearity of the force response. Even small
variations might change the model kinematics, e.g. stretch of ele-
ments instead of collapse of the pore, and shift the force response
along the horizontal (deformation) axis. Parameters describing the
change in stiffness, such as c3; c4; d4; f4; g4 mainly inﬂuence
the slope of the force response. Large variations additionally
determine the recruitment of force elements.
3.2. Homogenized unit cell force response
A comparison between the experimental force response and the
force response of the model is shown in Fig. 9 for all examined load
cases. The difference in initial stiffnesses for uniaxial stress and
uniaxial strain loading conditions is reproduced, even though val-
ues are slightly overestimated for uniaxial strain loading condi-
tions. The simulated curve shapes are close to the experimental
loading branches for all load cases. With respect to anisotropy,
the same ranking stiff to compliant, seen in the experiments, is ob-
tained for the multibody system. Even the speciﬁcally stiff behav-
ior of the 33.5 samples in uniaxial stress loading conditions is
captured by the model (g). For uniaxial strain loading conditions,
the modeled force response of the 33.5 samples (c) is too stiff
and close to the force response of the 0 samples (a).
Note that only the force response in longitudinal direction is
shown. For specimens in off-axis material directions, also resultant
reaction forces in transverse direction occur, which could be as-
sessed by the model, but were not measured in the experimental
setup.
3.3. Homogenized unit cell kinematics
For uniaxial stress loading conditions, the transverse behavior is
not constrained, but results from the kinematics of the structure
(Fig. 10). This kinematic response is captured in an excellent way
for the 0 (e) and 33.5 (g) material directions. Note, that again
the 33.5material direction was seen to contract exceptionally less
compared to the other material directions. For the 90 (f) and
56.5 (h) material directions, the transverse contraction is
underestimated.Fig. 8. Identiﬁcation of line elements for the calculation of local deformation gradients at
pairs of line elements are identiﬁed. As the unit cell is assumed to deform in a point symm
unit cell.3.4. Model validation – mesoscale kinematics
Fig. 11 provides a visual comparison of the kinematics between
the model and the experimentally identiﬁed (zoom lens) average
unit cell conﬁguration at the level of the preforce (reference conﬁg-
uration) and at maximum force. The model kinematics are seen to
be close to the observed unit cell kinematics. The simulated col-
lapse of the unit cell accompanied by the ﬂapping over of the outer
‘‘arms’’ for the 0 material direction in uniaxial stress loading
conditions is in very good accordance with the experimental
ﬁndings (e). Moreover, the extreme shear deformations for the
off-axis samples, in particular in uniaxial stress loading conditions,
are captured in a realistic way (c,d,g,h). In contrast, for the 90
material direction in uniaxial stress loading conditions, the col-
lapse of the inner ‘‘arms’’ is underestimated, while the node con-
tracts too much (f). Especially, for the cases of uniaxial strain, the
nodal contraction seems to be overestimated (a)–(d).
The major kinematic mesoscale mechanisms for the 0 and 90
material direction in uniaxial stress loading conditions is a collapse
of the unit cell which is realized by a rotation of the inner ‘‘arms’’,
supported by ﬂapping of the outer ‘‘arms’’. Uniaxial strain loading
conditions, are characterized by an alignment and stretch of the in-
ner and outer ‘‘arms’’. The kinematics of all off-axis material direc-
tions, are represented by shear-like deformations of the node.
These mesoscale model observations are in accordance with the
local experimental ﬁndings (Röhrnbauer and Mazza, 2014).3.5. Model validation – homogenized force response of the virgin unit
cell
Fig. 12 shows a remarkably good match between the experi-
mental virgin force response (ﬁrst cycle of preconditioning) and
the force response of the model, considering the respective refer-
ence conﬁguration. The initial stiffness is overestimated for the
33.5 material direction in uniaxial strain loading conditions (c).the points (at the locations of the rigid bodies) A1; F;B1. Note that for the body F two
etric manner, the local deformation gradients are evaluated only for one half of the
uniaxial strain uniaxial stress
=90°
=33.5°
=56.5°
(c)
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Fig. 9. Homogenized unit cell force response versus longitudinal Green–Lagrange strain, model response (gray) versus experimental cyclic response (black). (a–d) Uniaxial
strain and (e–h) uniaxial stress loading conditions.
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cases of 56.5 in uniaxial strain (d) and 33.5 in uniaxial stress (g)
loading conditions, which is due to the rotation of force elements
and a corresponding change of structural levers of force applica-
tion. For the 33.5material direction in uniaxial stress loading con-
ditions, this effect is also seen in the experimental data – even
though less pronounced.3.6. Aspects of mechanical biocompatibility – non-afﬁne deformations
Values for the index of non-afﬁnity are summarized in Table 3.
Afﬁne deformation would lead to a value of 0. The index of non-
afﬁnity at a load level of 0.6 N is signiﬁcantly higher for uniaxial
stress than for uniaxial strain loading conditions. It is particularly
high for the 0 material direction due to the ‘‘ﬂapping’’ of the
uniaxial stress
=0°
=90°
=33.5°
=56.5°
(a)
(c)
(b)
(d)
(e)
(g)
(f)
(h)
uniaxial strain
Fig. 10. Homogenized unit cell kinematic response, transverse Green–Lagrange strain versus longitudinal Green–Lagrange strain, model response (gray) versus experimental
cyclic response (black). (a–d) Uniaxial strain and (e–h) uniaxial stress loading conditions.
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Uniaxial stress in an off-axis material direction leads to a higher in-
dex of non-afﬁnity than in the 90 material direction. For uniaxial
strain loading conditions the values are close for all material
directions.4. Discussion
The structural model of a representative unit cell of the pros-
thetic mesh Gynemesh M is based on the multibody theory. Its
geometric structure and kinematics are deduced from and in
uniaxial strain
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Fig. 11. Mesoscale kinematics in the reference conﬁguration (top) and at maximum force (bottom). The images recorded by the zoom lens are overlaid by the experimentally
obtained average unit cell conﬁguration (light, cyan –) and the model conﬁguration (dark, red - -) for (a–d) uniaxial strain and (e–h) uniaxial stress loading conditions. Please
look at the color version of this Figure. The grayscale version does not adequately show the ﬁndings. (For interpretation of the references to color in this ﬁgure caption, the
reader is referred to the web version of this article.)
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derived from physical considerations. One set of parameters is
presented, allowing to appropriately map experimental data
from eight loading conﬁgurations (two loading conditions, four
material directions) with respect to the force response and the
homogenized kinematics of the unit cell. Moreover, the
mesoscale unit cell kinematics are captured in a representative
way.
The model provides insight into the structural mechanisms at
the mesoscale, which are responsible for a nonlinear and aniso-
tropic force response. Deformation patterns, speciﬁc for different
loading conﬁgurations are identiﬁed, such as rotation-, stretch-
or shear-dominated unit cell deformations.
The model allows to explain the distinct differences of the force
response for the virgin and the preconditioned mesh by a change of
reference conﬁguration. It allows to conclude that the precondi-
tioned mesh behaves in fact as a different material, with a different
mesostructure.
The model represents a basis to discuss aspects of mechanical
biocompatibility by assessing local non-afﬁne deformationpatterns within one unit cell. Assuming that the host tissue be-
haves as a homogeneous, isotropic continuum, criteria for mesh
design optimization towards an improved mechanical biocompat-
ibility can be deduced.
4.1. Preconditioning – a change of structural geometry, a change of
material
Preconditioning represents one of the major modeling chal-
lenges. The present approach uses the knowledge about the vir-
gin and preconditioned reference conﬁgurations, i.e. different
initial geometries to model the respective mechanical response.
However, for any new loading condition the preconditioned
reference conﬁguration is not known. Even for cyclic uniaxial
stress tests, the preconditioned reference conﬁguration depends
on the maximum load of the test. Thus, the present model has
predictive capabilities only provided that the reference conﬁgu-
ration is known. The preconditioned mesh, in fact, has to be
seen as a different material with a different underlying
mesostructure.
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Fig. 12. Homogenized unit cell force response of the ﬁrst cycle of preconditioning versus longitudinal Green–Lagrange strain, model response (gray) versus experimental
cyclic response (black). (a–d) Uniaxial strain and (e–h) uniaxial stress loading conditions.
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With respect to the mechanical biocompatibility of the mesh,
there are three major aspects which can be learned from examin-
ing non-afﬁne deformations within the unit cell and which should
be considered for mesh design optimization. (i) Uniaxial stressloading conditions activate different mechanisms than uniaxial
strain loading conditions. At the same level of load (0.6 N), the col-
lapse of the pores, seen in uniaxial stress is related to a higher
amount of non-afﬁnity than the alignment and stretch of strands
in uniaxial strain. (ii) Local shear deformations seen for the off-axis
directions are related to non-afﬁne deformation patterns. (iii) The
Table 3
Values for the index of non-afﬁnity for all examined loading conﬁgurations at the
constant load level of 0.6 N/UL. Afﬁne deformations are represented by a value of 0.
Orientation Index of non-afﬁnity [-]
Uniaxial strain Uniaxial stress
0 0.06 0.20
90 0.08 0.10
33.5 0.07 0.13
56.5 0.07 0.13
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in uniaxial stress loading conditions, leads to a signiﬁcant deforma-
tion mismatch between mesh and underlying tissue.
The index of non-afﬁnity reported in Table 3 indicate a poten-
tially very large discrepancy in deformation mechanisms of 0
mesh strips and host tissue (20%). Corresponding orientation of
mesh strips in implants should be avoided. The index is in the
range of 10% for the perpendicular orientation (90) and below
10% for uniaxial strain loading conditions, which might be tolera-
ble in view of physiological tissue deformations in the pelvic re-
gion. However, currently there are no criteria to judge the
absolute values of this index in terms of clinical relevance. In fact,
quantitative data for the mechanical behavior of the mesh interact-
ing with a matrix, biological tissue or artiﬁcial material, are chal-
lenging to assess (Röhrnbauer and Mazza, 2013; Röhrnbauer
et al., 2013).4.3. Finding an appropriate modeling approach
In general, three different approaches are followed in the cur-
rent literature to model textile fabrics, mainly weaves: the detailed
microscale approach (Duhovic and Bhattacharyya, 2006; Hart et al.,
1985; DeJong and Postle, 1978), the structural mesoscale approach
(Kawabata et al., 1973a,b,c; King et al., 2005; Nadler et al., 2006;
Assidi et al., 2011; Boubaker et al., 2007; Grujicic et al., 2009;
Carvelli, 2009; Nayfeh and Kress, 1997; Xiao et al., 2011; Antonietti
et al., 2011) and the continuum macroscale approach
(Hernandez-Gascon et al., 2011; Yeoman et al., 2010), all of which
offer beneﬁts but also have drawbacks.
Typically for microscale models, the geometry is mapped in a
realistic way and there are ideally no assumptions on structural
or material properties. Moreover, three-dimensional effects, which
cannot be evaluated with our present model and are in general dif-
ﬁcult to be seen from experiments, can be examined through sim-
ulations. However, such ﬁnite element models are computationally
expensive and often require non-physical assumptions on friction
coefﬁcients and ﬁlament interpenetration.
The mesoscale approach, followed in this study, abstracts the
real geometry in a physical way. Therefore, mainly geometry re-
lated phenomena, such as nonlinearity of the force response and
anisotropy are captured in a predictive way. Such models can be
implemented very efﬁciently. The major challenge is ﬁnding an
appropriate level of abstraction, and thus a compromise between
simplicity and physical mapping. As the force elements represent
structures, such as stitches or nodes, appropriate structural force
laws, which are in general nonlinear have to be deﬁned. The
respective parameters, in our case 20, often cannot directly be
transferred from real physical properties and thus require a corre-
sponding ﬁtting procedure.
With respect to a continuum model approach it has to be con-
sidered that fabrics are not continua. It has to be questioned,
whether their homogenized mechanical behavior allows for a cor-
responding model assumption. Phenomenological continuum
models can be implemented in an FEM code and thus can be usedto simulate inhomogeneous load cases in a very efﬁcient way,
which is not straightforward for unit cell models at the micro- or
the mesoscale. However, a large experimental data set is needed
to ﬁt the corresponding model parameters.5. Conclusions
The presented structural model allows to understand and simu-
late mesoscale mechanisms leading to a globally anisotropic and
nonlinear force response. Further, it provides deeper understand-
ing of the experimentally observed phenomena, which cannot be
rationalized using a general continuum approach. In the future
other experimentally observed phenomena, such as strain history
dependence (preconditioning) or hysteresis could be implemented
in order to better understand the underlying mechanisms. More-
over, further experiments addressing the three-dimensional
mechanical behavior, such as torsion or bending tests are of
interest in order to justify the present membrane assumption.
Unit cell models allow to simulate homogenous load cases. For
simulations of inhomogeneous, multiaxial loading conditions in
complex structures, the implementation of the model in a ﬁnite
element code is needed. Alternatively, the knowledge gained from
the present model can be used to design a corresponding physi-
cally based continuum model formulation. The structural model
can be used to perform virtual experiments increasing the
‘‘experimental’’ database to ﬁt an adequate continuum model
formulation.
The mesoscale model has been used to assess the level of non-
afﬁne deformations, resulting in valuable ﬁndings to discuss as-
pects of mechanical biocompatibility leading to criteria for mesh
design optimization or for comparison of mesh implants. In the fu-
ture, the model can be extended by matrix elements, simulating
the underlying tissue at different stages of integration. The corre-
sponding mesh–matrix interactions could provide additional
knowledge with respect to the consequences of local deformation
mismatches, and relate these to observed clinical complications.References
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